1. Introduction {#s0005}
===============

Heat shock protein 90 (Hsp90) in a molecular chaperone originally identified as one of several conserved proteins expression of which is upregulated in response to heat stress. Hsp90 is distinguished from other chaperones in that most of its known substrates are signal transduction proteins, the classical examples of which are steroid hormone receptors and signaling kinases [@b0005; @b0010]. As Hsp90 is essential for maintaining the activity of numerous signaling factors, it plays a key role in cellular signal transduction networks [@b0015]. The ansamycin antibiotic 17-allylamino-17-demethoxygeldanamycin (17-AAG) has been shown to bind to Hsp90, inhibiting its function and thus leading to disruption of signal transduction. This results in induction of apoptosis and differentiation in leukemic blasts [@b0020]. The epidermis, a stratified squamous epithelium that forms the protective covering of the skin, is composed of four layers: the basal layer, stratum spinosum, granular layer, and stratum corneum. Basal layer keratinocytes, including epidermal stem cells and transit-amplifying cells, are cuboidal, express cytokeratins (CKs) 5 and 14, and have high proliferative potential [@b0025]. The stratum spinosum is characterized by a switch in keratin expression from CK5 and CK14 to CK1 and CK10 [@b0030]. Involucrin, a marker of early terminal differentiation, is also synthesized in the upper part of this layer [@b0035]. The spinous cells continue differentiation and maturation to form the granular layer, which is characterized by expression of the late terminal differentiation markers loricrin and filaggrin [@b0040; @b0045]. Terminal differentiation gives rise to the stratum corneum. Many groups have been engaged in investigating the mechanisms of keratinocyte differentiation. For example, PI3K/pAkt signaling has been shown to regulate early keratinocyte differentiation, and differentiation marker expression levels are reduced by Akt or PI3K inhibition [@b0050]. The TGFβ-Smad2/3 signaling pathway in keratinocyte differentiation is independent of Smad4, and controls cell cycle withdrawal during keratinocyte terminal differentiation [@b0055; @b0060]. Hsp27 expression and its phosphorylation by p38 MAPK are required for keratinocyte differentiation and for the formation of a regularly stratified epidermis [@b0065]. However, the detailed mechanisms underlying the differentiation of these cells have not been elucidated. We showed that the Hsp40 regulates keratin expression, and Hsp40 knockdown was suggested to induce expression of the differentiation maker CK10 in HaCaT cells [@b0070]. Although Hsp27 is known as a keratinocyte differentiation marker, its role in keratinocyte differentiation is not yet clearly understood. Here, we report the effects of Hsp90 inhibition by 17-AAG on keratinocyte differentiation.

2. Materials and methods {#s0010}
========================

2.1. Cell culture {#s0015}
-----------------

The HaCaT cell line was originally derived from normal human adult skin, and is non-tumorigenic [@b0075]. The cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Gibco Co. Ltd., Grand Island, NY) supplemented with 10% fetal bovine serum (FBS) in which the calcium had been chelated using Chelex beads (Bio-Rad, Hercules, CA), and antibiotics (100 μg/ml penicillin, 100 μg/ml streptomycin, and 2.5 mg/ml amphotericin B), and CaCl~2~ was added at a concentration of 0.03 or 6 mM. Cultures were maintained at 37 °C in a humidified 5% CO~2~ atmosphere.

2.2. Antibodies and reagents {#s0020}
----------------------------

Anti-pAkt antibody was purchased from Acris (San Diego, CA). Anti-Akt antibody was purchased from Anaspec (San Jose, CA). Anti-involucrin antibody was purchased from Thermo (Fremont, CA). Anti-cytokeratin 14 antibody was purchased from Progen (Heidelberg, Germany). Anti-cytokeratin 1 and anti-Ki67 antibodies were purchased from Abnova Corp. (Taipei, Taiwan). Anti-cytokeratin 5 antibody was purchased from Sanbio B.V. (Uden, The Netherlands). Anti-cytokeratin 10 antibody was purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). The Hsp90 inhibitor 17-AAG was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

2.3. Real-time RT-PCR {#s0025}
---------------------

Total RNA was purified using an RNeasy Mini kit (Qiagen, Valencia, CA). RNA was reverse transcribed with a PrimeScript™ RT reagent kit (Takara Bio Inc., Shiga, Japan). An iQ SYBR Green RT-PCR kit (Bio-Rad) was used for real-time PCR analysis using the following gene-specific primers: GAPDH, 5′-GAGTCAACGGATTTGGTCGT-3′ and 5′-TGGGATTTCCATTGATGACA-3'; K1, 5′-ATTTCTGAGCTGAATCGTGTGATC-3′ and 5′-CTTGGCATCCTTGAGGGCATT-3′; K5, 5′-TCTCGCCAGTCAAGTGTGTC-3′ and 5′-ATAGCCACCCACTCCACAAG-3′; K10, 5′-CATCCTGCTTCAGATCGACA-3′ and 5′-TCATTTCCTCCTCGTGGTTC-3′; K14, 5′-TTCTGAACGAGATGCGTGAC-3′ and 5′-GCAGCTCAATCTCCAGGTTC-3′; filaggrin, 5′-CAATCAGGCACTCATCACAC-3′ and 5′-ACTGTTAGTGACCTGACTACC-3′; involucrin, 5′-TAGAGGAGCAGGAGGGACAA-3′ and 5′-AGGGCTGGTTGAATGTCTTG-3′; Hsp90, 5′-TCCAATAGGCTTGTGTCTTCCCCC-3′ and 5′-AATCCGTTCCATGTTGGCTGTCC-3′. Relative differences in gene expression level between groups were expressed using cycle time (Ct) values, which were first normalized relative to that of GAPDH in the same sample and then expressed as fold change compared to control (100%). Real-time fluorescence detection was carried out using an Opticon Real-Time PCR Detection System (Bio-Rad).

2.4. Western blotting analysis {#s0030}
------------------------------

Proteins were extracted from several cultured cell lines using cell extraction buffer containing 50 mM Tris--HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and protease inhibitors (2 mM *N*-ethylmaleimide, 50 mg/ml aprotinin, 50 mg/ml leupeptin and pepstatin) at 48 °C. After centrifugation, the soluble protein in the extract was quantified according to the method described by Bradford [@b0155]. Proteins were separated by SDS--PAGE using 8--10% gels and blotted onto polyvinylidene fluoride (PVDF) membranes. The membranes were then blocked in 1% non-fat dry milk TBST \[10 mM Tris (pH 7.8), 150 mM NaCl, and 0.05% Tween 20 at room temperature overnight. Membranes were incubated with primary antibodies (dilution 1:500--1:1000) at room temperature for 1 h, washed with TBST, and incubated with horseradish peroxidase-conjugated anti-mouse or rabbit IgG antibody (dilution 1:10 000) at room temperature for 1 h. The bands were detected with ECL Plus Western blotting detection system (GE Healthcare, Piscataway, NJ).

2.5. Laser scanning confocal microscopy {#s0035}
---------------------------------------

Cells were grown in flat-bottomed dishes (Iwaki Glass Co. Ltd., Tokyo, Japan), fixed with 4% paraformaldehyde, and permeabilized with 0.1% Triton X-100. To monitor Ki67 expression, the cells were incubated with anti-Ki67 antibody and Alexa568-conjugated secondary antibody (Molecular Probes-Invitrogen, Eugene, OR) and then nuclear counterstained with DAPI. Fluorescence microscopy images were obtained using a laser scanning confocal microscope (FV-1000; Olympus Co., Tokyo, Japan).

3. Results {#s0040}
==========

3.1. Effects of Hsp90 inhibition by 17-AAG on keratinocyte differentiation marker expression {#s0045}
--------------------------------------------------------------------------------------------

To determine whether 17-AAG affects the differentiation of keratinocytes, we performed real-time RT-PCR assays to examine mRNA expression of the markers of keratinocyte differentiation CK1, CK10, involucrin, and filaggrin, and the basal layer keratinocyte markers CK5 and CK14. Pretreatment of cells with 17-AAG before changing to high-calcium medium (6 mM CaCl~2~) resulted in suppression of CK1 and CK10 expression and upregulation of CK5 expression. However, 17-AAG had no effects on the expression of involucrin or filaggrin ([Fig. 1](#f0005){ref-type="fig"}). Next, we performed Western blotting analysis to examine CK1, CK5, CK10, CK14, involucrin, and filaggrin expression at the protein level. Hsp90 inhibition was confirmed by Akt phosphorylation, and Akt phosphorylation was blocked by 17-AAG ([Fig. 2](#f0010){ref-type="fig"}A). Western blotting analysis also showed that the levels of CK1 and CK10 protein expression were reduced and that of CK14 protein expression was increased by 17-AAG-pretreatment. No changes were observed in Hsp90 protein expression level ([Fig. 2](#f0010){ref-type="fig"}B).

3.2. Effects of Hsp90 inhibition by 17-AAG on signaling protein expression {#s0050}
--------------------------------------------------------------------------

Western blotting analysis was performed to examine phosphorylation of Akt, Smad2/3, and p38, all of which are related to keratinocyte differentiation. Phosphorylation of Akt was significantly inhibited by 17-AAG at all concentrations examined. However, 17-AAG did not affect phosphorylation of Smad2/3 or p38. In contrast, phospho-p38 level was upregulated by 17-AAG in a concentration-dependent manner ([Fig. 3](#f0015){ref-type="fig"}).

3.3. Effects of Hsp90 inhibition by 17-AAG on the cell cycle {#s0055}
------------------------------------------------------------

To investigate the effects of 17-AAG on the cell cycle, cells were stained for the proliferation marker Ki67. Laser scanning confocal microscopy revealed that Ki67 expression was upregulated by 17-AAG under conditions of proliferation and differentiation ([Fig. 4](#f0020){ref-type="fig"}).

4. Discussion {#s0060}
=============

The details of keratinocyte differentiation mechanisms have been examined in previous studies. The HSP family is known to play important roles in the cellular homeostasis of many cell types, contributing to protein folding, stability, and degradation [@b0155]. However, the role of Hsp90 in keratinocyte differentiation is not clearly understood. In the present study, we showed that inhibition of Hsp90 by 17-AAG blocked expression of the differentiation markers CK1 and CK10 at both mRNA and protein levels. On the other hand, Hsp90 inhibition had no effect on another differentiation marker, filaggrin. In contrast, involucrin expression was increased at the protein level. These results indicated that inhibition of Hsp90 only affects switching of keratin expression from CK5 and CK14 to CK1 and CK10 in differentiation from basal layer to stratum spinosum. Extracellular calcium concentration-dependent keratinocyte differentiation is induced by formation of the E-cadherin complex. Thus, extracellular calcium promotes Akt phosphorylation and promotes early differentiation [@b0050]. Phospho-Akt is stabilized by Hsp90 [@b0090]. Therefore, inhibition of Hsp90 represses CK1 and CK10 expression. CK10 is essential for late differentiation and has been shown to inactivate Akt/PKB kinase activity and to inhibit cell proliferation [@b0095]. The mechanism involved in induction of CK1 and CK10 expression is different from those of involucrin or filaggrin expression. Therefore, 17-AAG influenced only CK1 and CK10 expression. In addition, Hsp90 is involved in stabilizing various proteins involved in keratinocyte differentiation, including TGF receptor, EGF receptor, MEK, Src, etc. [@b0100; @b0105; @b0110]. Therefore, we investigated the phosphorylation of Smad2/3 and p38 MAPK signaling proteins and phosphorylation of Akt, related to keratinocyte differentiation [@b0050; @b0055; @b0060]. As noted above, phosphorylation of Akt is necessary for CK1 and CK10 expression. Phosphorylation of p38 MAPK is necessary for involucrin promoter activation, which depends on the AP-1 transcription factor. Apoptosis signal-regulating kinase 1 (ASK1) also activates the p38 MAPK cascade, but Hsp90-Akt phosphorylates ASK1 and inhibits ASK1-mediated apoptosis [@b0115; @b0120]. Phosphorylation of Smad2/3 induces cell cycle arrest in keratinocytes, and Smad3 activity is suppressed by Akt [@b0125]. The results of the present study suggest that inhibition of Hsp90 upregulates Smad2/3 phosphorylation. Cell cycle exit is one of the major processes involved in entering the terminally differentiated state [@b0130; @b0135], and is not dependent on high extracellular calcium but on confluency [@b0140]. Ki67 is a nuclear protein and is expressed in the proliferating stage. Hence, the presence or absence of Ki67 is used to examine the cell cycle [@b0145; @b0150]. However, on laser scanning confocal microscopy, Ki67 expression was shown to be increased by 17-AAG. These results indicated that inhibition of cell cycle arrest by 17-AAG is independent of the Smad2/3 signaling pathway. In conclusion, inhibition of Hsp90 leads to suppression of Akt phosphorylation, which results in repression of CK1 and CK10 and upregulation of involucrin was via p38 MAPK phosphorylation. The results of the present study indicated that Hsp90 plays a key role in keratinocyte differentiation.
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![Real-time RT-PCR analysis of K1, K5, K10, K14, involucrin, and filaggrin expression under normal proliferation conditions (0.03 mM CaCl~2~) for 24 h, with DMSO or 17-AAG (0.5 μM) for 24 h, and under high-Ca^2+^ conditions (6 mM CaCl~2~) for 2 or 4 days (D2, D4, respectively) in HaCaT. ^∗^*P* \< 0.05, ^∗∗∗^*P* \< 0.001.](gr1){#f0005}

![HaCaT cell differentiation was inhibited by 17-AAG pretreatment. Western blot of phospho-Akt and Akt in cells grown in medium without calcium chelate processes and incubation with DMSO or 17-AAG (0.1, 0.5, and 1.0 μM) for 24 h (A). Western blot of Hsp90, K1, K10, K5, K14, filaggrin, and involucrin in HaCaT cells grown under normal proliferation conditions (0.03 mM, CaCl~2~) for 24 h, with DMSO or 17-AAG (0.5 μM) for 8 h, and under high-Ca^2+^ conditions (6 mM CaCl~2~) for 2, 4, 6, and 8 days. β-Actin was used as a loading control (B).](gr2){#f0010}

![Effects of 17-AAG on phosphorylation of signaling proteins. Western blot of phospho-Akt, Akt, phospho-Smad2/3, Smad2/3, phospho-p38, and p38 in cells grown under normal proliferation conditions (0.03 mM CaCl~2~) for 24 h or under high-Ca^2+^ conditions (6 mM CaCl~2~) for 24 h followed by incubation with DMSO or 17-AAG (0.1, 0.5, and 1.0 μM).](gr3){#f0015}

![Hsp90 inhibition increased expression of the proliferation marker Ki67. Immunofluorescence analysis of Ki67 (red) in cells grown under normal proliferation conditions (0.03 mM, CaCl~2~) for 24 h (proliferation) or under high-Ca^2+^ conditions (6 mM CaCl~2~) for 24 h (differentiation) followed by incubation with DMSO or 17-AAG (0.5 μM).](gr4){#f0020}
